Abstract Recently, it has been shown that transient bone biology can be observed in vivo using time-lapse microcomputed tomography (lCT) in the mouse tail bone. Nevertheless, in order for the mouse tail bone to be a model for human disease, the hallmarks of any disease must be mimicked. The aim of this study was to investigate whether postmenopausal osteoporosis could be modeled in caudal vertebrae of C57Bl/6 mice, considering static and dynamic bone morphometry as well as mechanical properties, and to describe temporal changes in bone remodeling rates. Twenty C57Bl/6 mice were ovariectomized (OVX, n = 11) or sham-operated (SHM, n = 9) and monitored with in vivo lCT on the day of surgery and every 2 weeks after, up to 12 weeks. There was a significant decrease in bone volume fraction for OVX (-35%) compared to SHM (?16%) in trabecular bone (P \ 0.001). For OVX, highturnover bone loss was observed, with the bone resorption rate exceeding the bone formation rate (P \ 0.001). Furthermore there was a significant decrease in whole-bone stiffness for OVX (-16%) compared to SHM (?11%, P \ 0.001). From these results we conclude that the mouse tail vertebra mimics postmenopausal bone loss with respect to these parameters and therefore might be a suitable model for postmenopausal osteoporosis. When evaluating temporal changes in remodeling rates, we found that OVX caused an immediate increase in bone resorption rate (P \ 0.001) and a delayed increase in bone formation rate (P \ 0.001). Monitoring transient bone biology is a promising method for future research.
Osteoporosis, the most common bone disease, has become a major health problem worldwide [1] . Preclinical studies using animal models that approximate the progression of (postmenopausal) osteoporosis in humans are essential for the development of safer and more effective prevention and treatment of osteoporosis [2] . Removal of the ovaries (ovariectomy) in rats is a well-established model in postmenopausal osteoporosis research [3, 4] . Ovariectomy leads to estrogen depletion, which in turn causes bone loss. With this technique, osteoporosis-related bone loss has often been investigated in the proximal tibia of rats [5] [6] [7] . A smaller effect of ovariectomy-induced bone loss has been seen in the distal tibia [8, 9] and lumbar vertebra [10] , while no bone loss has been observed in caudal (tail) vertebrae of rats [11, 12] .
In the past decade ovariectomy of mice has emerged as a model for osteoporosis because mouse models have several advantages over rat models. The accessibility of the mouse genome facilitates gene identification and deletion for the study of modifying molecular mechanisms of osteoporosis [13] . Also, the costs are lower due to cheaper housing of mice and smaller amounts of drugs that are needed for mice. Furthermore, there are many mouse strains to choose from which can represent a specific phenotype (e.g., lowbone mass C57Bl/6 mice or high-bone mass C3H mice). In mice the most frequently investigated site is the distal femur, where large amounts of bone loss occur after ovariectomy [14, 15] . At other sites there are some conflicting results. Nevertheless, in mice ovariectomyinduced bone loss is strain-and skeletal site-dependent [16] [17] [18] [19] .
Recently, it has been shown that transient bone biology can be observed in vivo using time-lapse micro-computed tomography (lCT) in the mouse tail bone. Nevertheless, in order for the mouse tail bone to be a model for human disease, the hallmarks of any disease must be mimicked. To our knowledge, ovariectomy-induced bone loss has not been investigated in caudal vertebrae of mice. However, it would be very convenient if, instead of the distal femur, a caudal vertebra could be used as an osteoporosis model because this would have several advantages: (1) it is more easily accessible for high-resolution imaging, (2) the whole bone can be imaged within an acceptable scan time and dose, (3) both cortical and trabecular bone can be imaged, (4) the amount of trabecular bone is relatively high in vertebrae, and (5) it is accessible for mechanical loading [20, 21] .
In order to have a valid postmenopausal osteoporosis model, several main requirements have to be fulfilled [2, 3] . First, there should be a large amount of bone loss as women can lose up to 20% of their bone mass in the first 5-7 years that follow menopause [22] . Second, the model should demonstrate high-turnover bone loss as typically postmenopausal bone deterioration progresses by an increased bone formation rate and an increased bone resorption rate, with bone resorption exceeding bone formation [23] . Third, as a result of the bone loss, fragility fractures should be present in the bone. Fragility fractures are uncommon in rodents [24] , but the strength of the bone must decrease. Therefore, it has been established that bone strength or stiffness can be assessed with mechanical testing [25, 26] or finite element analysis [27] as a surrogate for bone fragility.
We hypothesized that ovariectomy would induce bone loss in the caudal vertebrae of C57Bl/6 J mice since these vertebrae increase bone mass upon cyclic loading [20] and, thus, seemed responsive to interventions. Furthermore, when osteoporosis-related bone loss was evaluated in caudal vertebrae of SAMP6 mice, a senescence-accelerated mouse strain, the bone mass at 4 and 12 months of age was significantly lower than in controls [28] . To investigate whether the above-mentioned requirements were achieved for caudal vertebrae of C57Bl/6 J mice, several methods were used. First, to monitor the extent of bone loss and changes in the bone microstructure after ovariectomy, the sixth caudal vertebra was scanned with in vivo lCT at multiple time points. Second, to investigate the presence of high-turnover bone loss, bone dynamic morphometric parameters were calculated with a recently validated in vivo technique [29] . This technique allows the quantification of dynamic bone formation and resorption parameters in 3D over time from serial lCT scans. Third, to investigate changes in stiffness of the bones, micro-finite element (lFE) analysis was performed.
Previous reports have described temporal patterns in bone microstructure or mineralization as an effect of ovariectomy in rats or mice. Nevertheless, to better understand how ovariectomy influences osteoblast and osteoclast activity, the transient patterns of bone remodeling rates should be described as well. Little attention has been given to this as until recently it was challenging to determine how bone remodeling rates change over time using histomorphometry (loss of label) or biochemical markers (not site-specific). The recently validated in vivo technique to extract dynamic bone morphometric parameters from serial in vivo lCT scans [29] , on the other hand, allows us to investigate temporal changes in remodeling rates, giving an accurate indication of how formation and resorption sites are modulated by ovariectomy. This information is essential for gaining a better understanding of ovariectomy-induced bone loss.
In summary, the aim of this study was to investigate whether caudal vertebrae of C57Bl/6 J mice are a valid model for postmenopausal osteoporosis, taking into account the bone microstructure, dynamic morphometric parameters, and mechanical properties. A further objective was to provide a more detailed description of temporal patterns in dynamic bone remodeling rates induced by ovariectomy.
Methods

Animals
Twenty 14-week-old female C57Bl/6 J mice (RCC, Fül-linsdorf, Switzerland) were housed in an environmentally controlled room in a 12-h light/dark cycle, with free access to standard diet and tap water. After 1 week of settling, mice were ovariectomized bilaterally (OVX, n = 11) or sham-operated (SHM, n = 9). The analgesic buprenorphin (Temgesic, 0.1 mg/kg) was injected twice daily on the day of surgery and for the following 2 days, to avoid pain. Mice were monitored closely and weighed three or four times per week in the first 2 weeks postoperation and before each lCT scan thereafter. Mice were chosen to be 3 months because it was shown previously that there is a rapid increase in bone volume fraction up to 12 weeks, which deviates \1.1% afterward up to 32 weeks in the third lumbar vertebra in C57Bl/6 mice [30] . All procedures were performed under isoflurane anesthesia (2-2.5%, 0.4 l/min) delivered through a nose mask. All experimental procedures were approved by the local laboratory animal care and use committee (Kantonales Veterinäramt Zürich, Zürich, Switzerland).
In Vivo lCT
Descriptions and nomenclature in the following sections are in line with a recent review on guidelines for the assessment of bone microstructure with lCT [31] . The sixth caudal vertebra (CV6) was scanned with in vivo lCT (vivaCT 40; Scanco Medical, Brüttisellen, Switzerland), on the day of surgery and consecutively every 2 weeks for 12 weeks, resulting in a total of seven images per mouse. Mice were scanned under isoflurane anesthesia in a holder heated at just below body temperature (35°C). Vitamin A cream was applied to the eyes to prevent desiccation. The region of interest was selected by counting the vertebrae from the first caudal vertebra (at the sacrum) in a dorsoventrally taken scoutview. CV6 was measured completely in two connecting stacks, comprising a length of 4.4 mm. The scanner was operated at 55 kVp and 145 lA, with an integration time of 200 ms and no frame averaging. We captured 1,000 projections per 180°, leading to a nominal isotropic resolution of 10.5 lm. A beam hardening correction algorithm provided by Scanco Medical was applied to all scans. The estimated dose rate was 32 mGy/min over a period of 20 min. The CT scanner was calibrated weekly for mineral equivalent value and monthly for determining in-plane spatial resolution. All raw lCT data were reconstructed with the dorsal side of the vertebra facing upward. For the basal scan, the long axis of the bone was aligned with the z-axis, to facilitate the conversion of the lCT data into lFE models. Follow-up scans were translated and rotated to match the previous measurement using rigid registration. A 3D constrained gaussian filter (sigma 1.2, support 1) was applied, after which images were segmented by a fixed thresholding procedure (22% of maximum grayscale value).
Static Bone Morphometry
Trabecular and cortical regions were selected from the thresholded images by automated masks. For the trabecular mask, growth plates were eliminated (top and bottom 10%) and the space almost void of trabecular bone (the middle 26%) was excluded from the analysis. Within the regions of interest, bone structural parameters were calculated with a direct 3D model-independent algorithm, including bone volume fraction (BV/TV), trabecular thickness (Tb.Th), and trabecular number (Tb.N).
For the calculation of cortical bone morphometric indices, the trabecular structure was removed and 12.5% from the top and bottom was eliminated to exclude the regions close to the growth plates. The morphological indices in the cortical region included total volume (Ct.TV), marrow volume (Ct.MV), cortical area fraction (Ct.Ar/Tt.Ar), and average cortical thickness (Ct.Th).
Ct.Ar/Tt.Ar was calculated by dividing the cortical bone volume (Ct.BV) by Ct.TV, which was possible because the length of scanned volumes-Ct.BV and Ct.TV-were the same (i.e. Ct.Ar/Tt.Ar = (Ct.BV/number of slices)/(Ct.TV/ number of slices)). All bone structural parameters were normalized to the first time point for each mouse to calculate percentage changes.
Dynamic Bone Morphometry
A method to visualize sites of bone formation and bone resorption from serial in vivo lCT data was developed previously [7] . This method was extended to enable the calculation of dynamic bone morphometric parameters in the trabecular region, as recently validated [29] . For this procedure, scans of follow-up time points were rotated and translated (registered) to match the orientation of the previous scan by applying a rigid registration algorithm proposed by Thevenaz et al. [32] . This registration algorithm consists of a pyramid approach where in each step the mean square difference of intensities between a reference (first time point) and a template (following time point) data set is minimized. Thus, the same cross section (or bone volume) can be visualized at serial time points, which allows observation of the changing bone microstructure over time (see Fig. 1a ). From these images it is then possible to visually observe where bone was formed or resorbed between time points, but to better localize these sites of formation and resorption and to allow morphometric analysis of remodeling sites, follow-up scans were superimposed on each other. With this step, sites present only at the initial time point, sites present only at the subsequent time point, and sites present at both time points can be colored differently (see Fig. 1b ). The voxels present only at the initial time point must have been removed between scans and are considered resorbed bone (blue). Similarly, voxels present only at the subsequent time point must have been added and therefore are representative of formed bone (yellow). Furthermore, for voxels present at both time points no measureable changes occurred, and these sites are regarded as constant bone (gray). To explain this technique in comparison to dynamic histomorphometry, the complete surface of the bone at the initial time point can be considered as the first label, while the complete surface of the following time point can be considered as the second label. The volume between these bone surface labels can then be considered resorbed or formed bone. When the second label resides within the bone of the initial time point, bone resorption has occurred, while when the second label is where the bone marrow would have been at the initial time point, bone was formed between scans. The difference of our approach compared to histomorphometry is that labels cannot be lost, labels are also existent for resorbed sites, and parameters describing the volume, thickness, and surface of remodeling sites are calculated directly in 3D.
In our approach, for each mouse, registered binary lCT images acquired at consecutive time points were overlaid to calculate bone formation and bone resorption for each interval (i.e., week 0-2, week 2-4, week 4-6, week 6-8, week 8-10, and week 10-12). Similar to histomorphometry, rates calculated over a time interval were considered the value at the later time point (i.e., the value at week 2 is calculated from the overlay of week 0-2). With this procedure, volumes of bone formation or resorption could be identified and analyzed morphometrically. These parameters were defined in analogy to histomorphometric indices and included bone formation rate (BFR), bone resorption rate (BRR), mineral apposition rate (MAR), mineral resorption rate (MRR), mineralizing surface (MS), eroded surface (ES), the number of formation sites per bone volume (NFS), and the number of resorption sites per bone volume (NRS). A full description of the procedure to calculate the dynamic morphometric properties has been presented and validated [29] .
Finite Element Analysis
For each mouse at each time point, segmented image data were converted into 3D linear elastic lFE models, where the disc volumes were replaced by bone to facilitate uniform loading of the end plates. The discs were created by setting a seeding point at the neutral axis (where the bending moment is zero) at both the proximal and distal ends, forming a circle with a set radius from the seeding points and filling all voxels between this circle and the bone. All voxels were converted to eight-node brick elements, rendering models of approximately 1.8 million elements. For both the bone and the disc a Young's modulus of 14.8 GPa and a Poisson ratio of 0.3 were assigned to each element, as previously validated for caudal vertebrae [33] . The top was displaced 0.1%, while the bottom was constrained in all directions. The models were solved using a parallel finite element package (ParFE) with an algebraic multigrid preconditioner. The simulations ran on a Cray XT5 supercomputing system composed of 22,128 CPU cores and 29 TB of RAM at the Swiss National Supercomputing Center (CSCS, Manno, Switzerland).
The resulting force was calculated and used to scale the output parameters to the same force (4 N). The real force that CV6 is subjected to under physiological conditions is unknown, but it has recently been found using a novel bone loading estimation method that external loading conditions of CV6 are in the range of 4 N [34] . Changes in the stiffness of the whole bone were analyzed from the lFE results.
The change in strain energy density (SED) was calculated in trabecular and cortical bone in three regions: the proximal region, the middle region, and the distal region (see Fig. 5 ). In each of these regions the fraction of load carried by the cortical bone was calculated by determining the strain energy stored in the cortex as a fraction of the total strain energy [35] . To quantify changes in mechanical properties over time, the data were normalized to the first time point for each mouse.
Statistical Analysis
Statistical analysis was performed with the software package R (www.r-project.org/). A Kolmogorov-Smirnov test verified that the data were normally distributed. Repeated-measurements ANOVA, implemented as a linear mixed-effects model, was performed to detect significant differences in bone parameters between groups and over time. With this test, significant differences were determined for effect of time, effect of group, and the interaction between time and group, which indicated whether the time course developed differently between groups. Furthermore, to identify at which time points OVX and SHM were significantly different, Student's t-tests were performed at each time point with Bonferroni post hoc corrections for multiple comparisons. P \ 0.05 was considered significant. All data are shown as mean ± standard error.
Results
Animals
All animals remained healthy and gained weight throughout the experiment. There was a trend that OVX mice gained more weight than SHM mice. Four mice were excluded because the wrong vertebra was scanned at one of the time points (two SHM, two OVX).
Static Bone Morphometry
As can visually be seen in Fig. 1a , for OVX the bone microstructure deteriorated over time, while for SHM the bone microstructure remained relatively constant. The change in BV/TV over time was significantly different between groups (P \ 0.001); it increased 16% for SHM (P \ 0.001 over time) and decreased 35% for OVX (P \ 0.001 over time) compared to baseline (Fig. 2a) . Both groups showed a similar increase in BV/TV in the first 2 weeks, after which there was a clear difference between groups. The decrease in BV/TV for OVX was mainly caused by thinning and perforation of trabeculae, leading to a somewhat delayed decrease in the number of trabeculae. Tb.Th decreased 12% for OVX (P \ 0.001 over time), which was significantly different from SHM (P \ 0.001), where Tb.Th increased 6% (P \ 0.001 over time, Fig. 2b) . Tb.N started to decrease roughly 2 weeks later, resulting in an 11% decrease for OVX at 12 weeks (P \ 0.001 over time), which was significantly different (P \ 0.001) from SHM, where Tb.N remained constant (Fig. 2c) . The absolute values of these parameters are shown in Table 1 .
In the cortex, a similar progression of bone loss was observed: Ct.Ar/Tt.Ar developed significantly different over time between groups (P \ 0.001); for SHM, Ct.Ar/ Tt.Ar increased 3% (P \ 0.001 over time), while for OVX it decreased 9% (P \ 0.001 over time, Fig. 2d ). This came with a concomitant decrease in Ct.Th of 5% for OVX (P \ 0.001 over time), while for SHM this increased by 3% (P \ 0.001 over time and P \ 0.001 between groups, Fig. 2e ). The cortex was reduced mostly on the endosteal side, while some apposition was present at the periosteal side. This was also confirmed by a significantly greater increase of 15% in Ct.MV for OVX (P \ 0.001 over time) compared to no change for SHM (P \ 0.001 between groups) and a significantly greater increase of 7% in Ct.TV for OVX (P \ 0.001 over time) compared to a 2% increase for SHM (P \ 0.001 over time and P \ 0.001 between groups, Table 1 ).
Dynamic Bone Morphometry
BFR was elevated for OVX compared to SHM starting from 8 weeks (Fig. 3a) , while BRR was greater for OVX than for SHM over the whole time range (Fig. 3b) . On average BFR was 1.6 times greater for OVX than SHM (P \ 0.05) and BRR was 3.7 times greater for OVX than SHM (P \ 0.001). This is also visually evident in Fig. 1b , where for OVX there are more yellow structures (indicating BFR) and many more blue structures (indicating BRR) than for SHM. MAR, which represents the thickness of formation sites, was significantly greater for OVX than SHM (P \ 0.01, Fig. 3c ). Also, MRR, which represents the depth of resorption sites, was significantly greater for OVX than SHM (P \ 0.001, Fig. 3d ). On average MAR was 1.2 times greater and MRR 1.7 times greater for OVX than SHM. MS, which represents the surface of formation sites, was significantly smaller for OVX than SHM (P \ 0.001, Fig. 3e) . ES, which represents the surface of resorption sites, was significantly greater for OVX than SHM (P \ 0.001, Fig. 3f ). For OVX the profiles of MS and ES had the opposite shape: when MS seemed the smallest at week 6 (on average 1.5 times smaller than for SHM), ES seemed the largest (on average 1.4 times larger than for SHM).
To investigate whether the profiles for ES and MS were an effect of changes in the amount of sites or an effect of changes in the shape of formation and resorption sites, the numbers of formation and resorption sites per bone volume were calculated. NFS was significantly smaller for OVX than for SHM (P \ 0.001, Fig. 3g ), and NRS was significantly smaller for OVX than for SHM (P \ 0.001, Fig. 3h ). No changes were seen for NFS and NRS over time, indicating that when MS decreased this was mostly because the surface of formation sites decreased, rather than because the number of formation sites decreased. Similarly, a change in ES was mainly caused by a change in the surface of resorption sites.
This gives evidence that both the shape and the number of formation and resorption sites were modulated by OVX. Formation sites were smaller in number, with a smaller surface but an increased thickness. At the same time the quantity of resorption sites was less, with sites showing a broader surface and greater thickness and becoming more massive. Even though the number of formation and resorption sites was smaller for OVX than SHM, the thicknesses were so much increased and the surface increased to such an extent for resorption sites that the volumes of formation and resorption were larger for OVX than for SHM.
When the ratios between formation and resorption were explored, it could be seen that BFR was greater than BRR for SHM, while BRR was greater than BFR for OVX. The ratio was significantly smaller for OVX than for SHM (P \ 0.001). Similarly, the ratio between MS and ES was significantly smaller for OVX than for SHM (P \ 0.001), and the ratio between MAR and MRR was significantly smaller for OVX than for SHM (P \ 0.001); on the contrary, the ratio between NFS and NRS was significantly greater for OVX than for SHM (P \ 0.001). On average MRR was greater than MAR for OVX and ES was greater than MS for OVX, while NRS was smaller than NFS for . The x-axis indicates the time points from which the dynamic parameters were determined; e.g., week 2 indicates from an overlay of week 2 on week 0. *P \ 0.05, **P \ 0.01, ***P \ 0.001 between groups and # P \ 0.01 over time as tested with repeated-measurements ANOVA. OVX. This indicates that for OVX the sites of resorption were less numerous but more massive or that multiple sites had merged into fewer but larger sites.
Finite Element Analysis
From lFE analysis it was found that the stiffness of CV6 reduced 16% for OVX (P \ 0.001 over time), which was significantly different from SHM (P \ 0.001), where the stiffness increased 11% (P \ 0.001 over time, Fig. 4a ). SED increased significantly in the proximal and distal regions of both cortical and trabecular bone for OVX, while decreases were observed for SHM in the proximal region, with significant differences between OVX and SHM ( Table 2 ). The increase in SED for OVX in both trabecular and cortical regions was also visually apparent (Fig. 4b) . In the middle region, no significant differences were found between OVX and SHM. The fraction of load carried by the trabecular bone (Fig. 5 ) was much smaller than the load carried by the cortical bone in all of the regions, especially the middle region. With the decrease in bone volume fraction for OVX, significantly less load was carried by the trabecular bone in the distal region (P \ 0.01 over time) and proximal region (P \ 0.001 over time). On the contrary, for SHM the fraction of load carried by the trabecular bone increased significantly over time in all three regions (P \ 0.001 over time).
Discussion
In this study we showed that the sixth caudal vertebra of C57Bl/6 J mice is a valid model for studying osteoporosisrelated bone loss, by showing that ovariectomy led to highturnover bone loss, with a subsequent reduction in bone stiffness. Consequently, it is proposed that the caudal vertebrae of ovariectomized mice can be used as an alternative model to study postmenopausal osteoporosis.
With regard to bone structural parameters, we confirmed that ovariectomy caused a significant decrease in BV/TV and a significant decrease in Ct.Ar/Tt.Ar, with a greater bone loss in the trabecular than cortical region, as has been reported in previous studies at other skeletal sites in mice [16, 19, 36, 37] . The greater loss in the trabecular bone can be explained by the fact that the cortical bone is more important for mechanical stability of the bone, while the trabecular bone, as it has a larger surface, is more important for homeostasis [38] . This observation was also confirmed by the fact that, in the sixth caudal vertebra, cortical bone carried relatively more load and that this fraction became even larger after ovariectomy.
The trabecular bone volume fraction showed a delayed decrease, starting only 2 weeks postovariectomy, which was unexpected as such a delay has not been shown previously by others for other bones. In a study with timelapse images of the tibia in C57Bl/6 J mice up to 5 weeks after surgery, no significant effect of OVX was found [19] . In cross-sectional studies, several others found significant decreases in BV/TV 2 weeks after OVX in the tibia in C3H/Hen mice [37] and 4 weeks after ovariectomy in lumbar vertebrae, proximal tibia, and distal femur in C57Bl/6 J mice [16, 18] . Additionally, in rats, where timelapse images of the proximal tibia were available, an initial delay in the decrease has not been described [5, 6] . A finding that coincides with the initial lack of response to ovariectomy is that in rats skeletal sites with fatty (yellow) bone marrow content react slower to ovariectomy than sites with hematopoietic (red) bone marrow [10] . It has also been shown that in rats the fifth caudal vertebra consists of fatty bone marrow [12] . Thus, it might be that in mice the sixth caudal vertebra contains fatty (yellow) bone marrow and that this influences the response to ovariectomy, leading to delayed bone loss. Oftentimes the presence of yellow marrow in the tail of the mouse has been regarded as a negative effect. Nevertheless, in elderly osteoporotic subjects, bone marrow is also predominantly yellow [39] . Furthermore hematopoietic stem cells and progenitor cells of the red bone marrow are highly sensitive to the effects of ionizing radiation. On the other hand, yellow bone marrow, where most cells are fat cells, is less sensitive to radiation effects [40] . Therefore, the presence of yellow bone marrow may also be seen as an advantage over other models of postmenopausal bone loss. BV/TV increased throughout the study for SHM mice. This is in agreement with a previous study where an increase in BV/TV up to 20 months of age was reported in the seventh caudal vertebra in BALB/C mice [41] . In the same study it was found that BV/TV in the fifth lumbar vertebra increased between the ages of 2 and 12 months [41] . In contrast, Buie et al. [30] reported stable BV/TV in C57Bl/6 J mice in the third lumbar vertebra between the ages of 3 and 7 months, and Glatt et al. [42] found a decline in BV/TV in female C57Bl/6 J mice from 2 months old on in the fifth lumbar vertebra. In general, declines in the long bones have been observed from an early age on [41] [42] [43] [44] . It thus seems that development of BV/TV is different in caudal vertebrae vs. the long bones.
When investigating bone dynamic parameters, it was found that both bone formation rate and bone resorption rate were elevated for OVX compared to SHM, with the bone resorption rate exceeding the bone formation rate in OVX, indicating high-turnover bone loss. Similarly, Bain et al. [36] found an increase in bone resorption determined from [ 3 H]tetracycline assay in the femur and thoracic vertebra but failed to show an increase in bone formation rate between OVX and SHM in the tibia 4 weeks after ovariectomy. In our study, differences in BFR between OVX and SHM were also not present at this time point. Likewise, Kimble et al. [37] found an increase in bone resorption, as assessed by an increased osteoclast number per surface and percentage of bone covered by resorption surfaces in the tibia 2 weeks after ovariectomy. In contrast to our study, Okada et al. [45] reported increases in bone formation rate and bone resorption rate already at 2 weeks after ovariectomy as determined from biochemical markers in blood, with the bone resorption rate exceeding the bone formation rate, as determined from a decrease in BV/TV. Iwaniec et al. [18] did not find significant differences in BFR or osteoclast surface in either femur or lumbar vertebra between ovariectomy and sham groups. The differences in these findings might lie in the differences between skeletal sites and the sensitivity of the methods. An improvement in our analysis, compared to previous studies, is that bone formation and resorption parameters could be evaluated within the same bone at multiple time points, increasing statistical power. A further advantage is that the parameters are calculated in 3D and, thus, include more bone, through which the analysis picks up differences more readily.
Regarding the mechanical properties, we observed that the stiffness of the sixth caudal vertebra was significantly reduced in OVX compared to SHM. In agreement, several other investigators have reported similar reductions in mechanical properties after OVX [17, 46] . Interestingly, an additional observation of our study was that the load-carrying capacity of the trabecular bone reduced drastically, confirming the importance of cortical bone for mechanical stability.
There were several limitations associated with our study. The general disadvantages of a mouse model, including the lack of fragility fractures, the continuation of growth, and the speed of bone loss, also apply to our study. However, even though fragility fractures were not present, as in any rodent model of osteoporosis, the stiffness of the bone did reduce significantly. Furthermore, the speed of bone loss in the mouse is faster than that in rats or humans but is very predictable and similar for all mice (as they have the same genetic background), which is a requirement for a relevant model. Thus, in our eyes these disadvantages are surmounted by the advantages of the mouse model.
A limitation of our technique in the extraction of dynamic parameters is that only active sites of formation and resorption are captured, unlike in histology where the total amount of sites can be seen, with a distinction between active and nonactive sites. Furthermore, dynamic parameters were investigated at 2-week intervals. While this allowed investigation of changes in dynamic parameters over time within the same animal, intermediate changes within the 2-week time span could not be captured, leading to a reduction of the actual values for formation and resorption.
A drawback of the longitudinal setup in our study is the effect of radiation. Mice received a dose of 640 mGy per scan, leading to a total dose of 3.8 Gy (the scan at the last time point has no influence). This dose is higher than doses that have been reported previously to have no effect on the bone microstructure in C57Bl/6 mice [19, 30] or rats [47] . In a study where rats were scanned at nine time points, however, the dose was higher; but still no negative effect of radiation was found in the bone microstructure [48] . In a recent study it was found that two scans at 776 mGy per scan already influenced the bone microstructure negatively in 10-week-old male C57Bl/6 mice, while the effects were not significant at a dose of 434 mGy per scan. Nevertheless, in this study the right and left legs were compared, which have been reported to differ sometimes significantly even without a difference in treatment [30] . It is difficult to say what dose is still acceptable because this depends largely on the age of the mice (the younger, the more sensitive) and skeletal site (the more hematopoietic cells, the more sensitive). Therefore, the effect of radiation should always be considered in planning longitudinal studies. In a radiation control study performed before the start of this experiment, no detrimental effects of radiation were found on the bone microstructure or biochemical markers at a dose of 3 Gy (data not shown). Also, if the radiation would have had an effect, a decrease in bone mass for the sham mice would be anticipated, which did not occur.
In conclusion, we showed that ovariectomy led to (1) decreased bone mass, (2) high-turnover bone loss, and (3) reduced bone stiffness in the sixth caudal vertebra of C57Bl/6 J mice. The added value of our study was that dynamic parameters were calculated over time within single animals, allowing the monitoring of transient progression in remodeling rates, and included bone resorption rates. From our findings, we conclude that the sixth caudal vertebra of C57Bl/6 J mice is a suitable model for postmenopausal osteoporosis. Firstly, it shows similarities to the human progression of osteoporosis in static, dynamic, and mechanical parameters; and secondly, it is accessible for high-resolution imaging and nondestructive stiffness analysis.
